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Introduction
Reactive transport of chemicals in soil includes chemical transport processes and geochemical reactions which can involve multiple, homogenous and heterogeneous chemical reactions. In many geoenvironmental problems, hydro-geochemical processes are coupled with physical, chemical and mechanical effects (e.g. compacted clay as the buffer candidate for geological disposal of high level radioactive waste). Studying such conditions requires advanced conceptual and theoretical models, comprising multiphase, multicomponent transport processes and various geochemical reactions.
Changes in the environmental conditions, e.g. water content, water chemical composition and temperature, can alter the chemical equilibrium conditions of the system and trigger chemical reactions between the chemical components, i.e. clay minerals, accessory minerals and ionic species.
Computational modelling of the reactive transport of multicomponent chemicals in soil has advanced over the last few decades. Most of the models developed have adopted theoretical advances in chemical transport and geochemical/biogeochemical modelling. The developed approaches have been mainly based on coupling the chemical transport models with external geochemical models using operation-splitting schemes (e.g. Prommer, 2002; Jacques and Šimůnek, 2005; Seetharam et al. 2007; Guimarães et al. 2007; Samper et al. 2009 ). These approaches are based on splitting the solution to i) solving the partial differential equations of the transport formulations and ii) solving the non-linear algebraic or partial differential equations representing the equilibrium or kinetically controlled chemical reactions. Approaches such as the sequential iterative (SIA), sequential non-iterative (SNIA) and sequential partly-iterative (SPIA) have been suggested and applied successfully to achieve such solution to the reactive transport formulation (Steefel and MacQuarrie, 1996; Samper et al. 2009 ).
The geochemical model PHREEQC (Parkhurst and Appelo 1999) is among the models that have received the most interest in developing such coupled models. Prommer (2002) and its feedback on porosity and diffusion properties will be also demonstrated via an application of the model which deals with the diffusion of chemicals in a low porosity system.
Theoretical formulations and computational aspects
The processes considered in the coupled THCM formulation of the model are as follows: i) heat transfer via mechanisms of conduction, convection and latent heat of vaporisation, ii) moisture transfer including water and vapour flow due to various driving potentials, iii) transfer of gas phase or air, iv) transport of multicomponent chemicals present in the liquid phase, v) geochemical reactions including heterogeneous and homogenous reactions between/in solid, liquid and gas phases and vi) deformation behaviour which is based on stress-strain equilibrium, considering appropriate constitutive relationships describing the behaviour of unsaturated soil. Detailed description of the coupled THM formulation can be found elsewhere (e.g. Thomas and He 1998).
The formulations of the reactive transport of chemicals in liquid are expressed based on a mass conservation law. Based on the work presented by Seetharam et al. (2007) , geochemical reactions that may occur in the system causing loss or gain of each component are considered via a sink/source term in the transport formulation. The transport formulation considers the advective, diffusive and dispersive transport of multiple chemicals in the liquid phase. A formulation of the diffusion of multiple ionic species has been developed and implemented in the model which incorporates the electrochemical and thermal potentials in the flow Thomas et al. 2012) . The new theoretical developments enable the modelling of multiple ionic systems under combined chemical and thermal gradients considering the overall electro-neutrality of the aqueous system (Sedighi 2011; Thomas et al. 2012) . In other words, the overall electrical neutrality of the system has been considered as an additional constraint to the mass conservation equation.
The formulation of the reactive transport of chemicals is presented as Thomas et al. 2012) : (Seetharam et al. 2007) . ߬ is the tortuosity factor of the i th chemical component.
The molecular diffusion and thermal diffusion coefficients in ionic systems can be presented as Thomas et al. 2012) : 2) Kinetically controlled reactions, applied to precipitation/dissolution of minerals.
3) Ion exchange processes, applied under equilibrium conditions. The transport model (COMPASS) code is written in FORTRAN programming language, while PHREEQC is a C based coded. The two models were computationally linked together using a crosslink subroutine, written in the C language. In the "cross-link" subroutine, the results of the transport processes are collected first using "pointer" variables. This assists with an efficient and secure data exchange between the two models. Using the cross-link subroutine, the main subroutine of PHREEQC is called and the input data required for the geochemical analysis are exchanged. The formulation of the equilibrium or kinetically controlled chemical reactions is then calculated which provide modified concentrations of all the dissolved chemicals. The outputs are exchanged again using the cross-link subroutine and sent back to the interface module of transport code. It is noted that the time-step of the current transport analysis is transferred to PHREEQC which is applied for calculating the kinetically controlled reactions. Following Steefel and Lasaga (1994) , the permeability variation caused by a change in porosity can be simplified based on the Kozeny-Carmen equation. The hydraulic conductivity can therefore be calculated from the changes of porosity due to mineral precipitation or dissolution, given as:
where, ሺ‫ܭ‬ ሻ ଵ and ሺ‫ܭ‬ ሻ ଶ are the intrinsic permeability values of the soil before and after the geochemical reactions, respectively. ݊ ଵ and ݊ ଶ are the porosity of the soils before and after the geochemical reactions, respectively.
Verification of the coupled COMPASS-PHREEQC model
The accuracy of the implementation of theoretical formulations and the numerical scheme adopted for coupling the two models has been tested based on a series of verification benchmarks. The 
Chemical transport with mineral precipitation/dissolution reaction -Test I
The transport process coupled with a mineral precipitation and dissolution reaction front has been tested using a benchmark presented by Xu and Pruess (1998) . The studied system is one- concentrations of ionic chemicals were considered to be relatively low, therefore, the ionic activity can be assumed equal to the concentration and the activity modification factor can be ignored in the calculations. The porosity and pore velocity of the study domain were considered to be 0.4 and 0.1 m/day, respectively. A fixed pore water pressure was considered at the boundary to provide the constant pore velocity required. Table 1 provides a summary of the material properties and parameters used in the simulations.
The equilibrium constant of the reaction was assumed to be 10 -8 . Following Xu and Pruess (1998), a first-order kinetic rate of reaction, is considered for the simulations under kinetics, given as:
where ݇ represents the kinetic rate constant, ߪ is the specific surface area and ‫ܭ‬ is the equilibrium constant of the reaction. ܿ and ܿ are the concentrations of species A + and B -, respectively.
It is noted that in the simulation based on kinetically controlled condition, dispersion coefficient was set to zero, providing a pure advective flow (i.e. Test I-b). For test I-b, the kinetic rate constant is assumed to be 2×10 -10 mol.s -1 m -2 . The specific surface area was considered to be equal to 1.0 m 2 /l.
The domain was discretised into 100 equally-sized 4-noded quadrilateral elements. A variable timestep was considered for the simulation which allows the time-step to be increased or decreased depending on the numerical convergence. The maximum allowable time-step was 3600 seconds. The temperature was fixed in the domain (293 K). The results are also compared with those under equilibrium reaction to demonstrate the effects of the kinetic rate on the results. In this series of analyses, the dispersion coefficient was assumed to be 0.02, providing an advective-dispersive flow regime in the domain. and dispersivity were considered to be 1 m/day and 0.002 m, respectively. A fixed pore water pressure assumed at each boundary provided a constant pore water velocity as required. Table 3 presents the parameters used in the simulation. The analysing domain length is a 0.08 m domain.
The porosity was assumed to be 1.0, i.e. no solid component. The domain was discretised into 40 elements consisting 4-noded quadrilateral elements. A constant time-step of 90 seconds was considered for the simulation. The simulation was also performed under isothermal condition. 
The effects of mineral reactions from porosity feedback on ionic diffusion
An example simulation is presented which aims to demonstrate the porosity modification feedback from geochemical reaction modelling and the effects on chemical transport properties. This simulation was designed to demonstrate the effects of porosity modification due to mineral precipitation on the diffusion of a binary solution. In the simulation, a saturated low porosity porous medium was considered which initially contains no dissolved chemicals and minerals. The domain was exposed to a super-saturated binary solution at one boundary. The diffusion process is coupled with mineral precipitation. Diffusion of the binary solution through the domain was investigated under the porosity feedback implemented algorithm and without this effect. The feedback between mineral precipitation volume and porosity affects the tortuosity of chemical diffusion which changes the diffusion pattern of chemicals.
The analysed domain considered was 2D (0.1×0.1 m) with porosity of 0.05. The domain was discretised into 100 equally-sized elements consisting 4-noded quadrilateral elements. A variable time-step was used, allowing the variation of time-step depending on convergence. The simulation was performed under isothermal and saturated conditions. Therefore, water pressure and temperature were fixed during the analysis. These assumptions lead to pure isothermal diffusion flow in the domain. Table 4 presents the parameter used for the simulation.
Two ionic components were considered in the model including, hypothetically A + and B -in equilibrium with AB mineral. At one boundary, fixed concentrations of dissolved ions (25 mol/m 3 )
are assumed while at the other end, an impermeable boundary condition is assumed. The soil solution contains no chemical initially. The solution at injecting boundary is considered to be supersaturated solution. The tortuosity factor for chemical diffusion is considered via a modified equation,
proposed by Millington and Quirk (1961) . As a first approximation, the effect of mineral precipitate volume on tortuosity is included as an additional term to the original tortuosity factor proposed by
where, ݊ is the ratio of mineral volume over the soil volume, which is calculated from geochemical interface module in the model.
Due to the equilibrium condition assumed for mineral precipitation, the dissolved chemicals were in equilibrium with the precipitate mineral. Therefore, the concentration of dissolved chemicals did not increase from the value associated with equilibrium reaction condition. In other words, extra amount of dissolved chemicals have been precipitated in the system. Figure 8 presents the variation of mineral concentration with times considering the porosity feedback. The results of simulation with no feedback from mineral precipitation on flow have also provided in Figure 9 . As a result of the porosity feedback algorithm implemented in the model, lower amount of minerals has been precipitated compared with the results of simulations without this effect especially in longer duration of analysis. This is due to the effective diffusion coefficient decrease as a result of porosity reduction with mineral precipitation and therefore the amount of dissolved chemicals which diffuse to the system is reduced. This observation is more highlighted in longer simulation times. 
Conclusions
The modelling 
